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ABSTRACT\J
A. study has been mad.e of the liquid thermal diffusion method of

separatiug ~a~ium isotopes. In the course of the research 29 diffusion
co11JlllD.s have been built and tesT.ed.. lot !l!":;tsent a 14 unit pilot plant is
undergoing testa. Separations between end fractions of 45.~ nave been
obtain~d by the use of t_o 48 fQ6t columns ~ounected in~Beries. This
series pa.ir is capa-ole of prodl1cing tlo,lO fr:ictians of UFS. 1 kg of" each,
posse8s~g an isot~pe aeparation factor of 1.2.

Work to date shows the apparatus to be ~usUB11:r d.cp~nci.able and
capable of long time trouble free o:r~ration. Separation of uranium isotopes
on a large 6cale~ the metbod is a practice1 possicility. The lnitial cost
for a 1 kg 90~ U2~5 per day plant is estimated,at $ae,OOQ,QQG. TAe various
other methods of lsotope separation are disCtlssed. Liquid thermal diffu.sion
compares fEtvorably with any of than.

An al ter!'.9.tive to the 1 kg 90~ !T~ plan..!..is presented. This in
vol~es the prep~ration of large amounts of 1.6~ U235 and it3 ~se by the
Chicago group.

Potentialities fo!" imp!"c~e~e~t af sepaYation factor and relaxa
tion time have ~ct been e:hau.sted. Further research work is desirable
before the dssign of a large plant is attempted. __
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SECREl'

INTRODUC~ION

(a) Authori~ation

1. This report is authorized by BuShips Project .Order 4?j41 of
7/10/40, and ZuShips 1tr C-NPl4!Ll-2(7-13-SS) of 7/16/40.

(0) State~ent of Problem

2. In January 1939 a new vista was opened in science. For the
first time the possibility of tapping atomic energy became very real. Ex
periments showed that a Uranium atom can be disintegrated gy a n~t~cn. !n
this process, three ne-~tro~s are given off together with 200,000,000 elec
tron volts of energy. If one pound of Uranium could be thus disintegrated,
a liberation of energy equivalent to that set free in the burning of 1370
tons of coal loIould result. Investigations were begun in many laboratories to
ac~~ulaie more information about the ~rocess. It was found that only ona of
the isotopes of Uranium (U235) can be readily dislnt~grated ~n this way.
Moreo'Ter, U238 which constitutes 99.3~ of ordinary Uranium E'bsorbes neutrons
without being disintegrated, thus acting to prevent the formation of an ex
plosive chain reaction. Means were proposed for decreasing this absorbing
effect and indeed these give promise. However, in order to liberate energy
using ordinary Uranium it is necessary to assemble a pile of Uranium and
graphite weighing more tban 100 tons in a special geometrical form. Experi
ments on such a pile are in progress els~where. This method baR the disad
vantage of large weight and the enArgy cannot be liberated explosively.

3. Scientists generally agree that if sufficient U235 could be
collected togethFr a violent explosion would occur. It has been estimated
that 5-10 kgs of U235 assembled with a moder?te amount of graphite would
yield an ~losion of the same violence as 10,000 tons of T.N.~.

4. Thi= Laboratory ea:ly beca=e interested in the potentialities
of atomic e~ergy ~d has worked actively in this field since its inception.
In the beginning the reeearch centered on production of UF which at that time
was a difficult material to synthesize and the lack of "Ihieh constituted a
serious bottleneck in reeearch being carried out by others. By June 1940 i'C
had become clear that the primary barrier to the pract ice.1 utilization of
a.tomic energy was the enormous problem of separating the Ui"anium isotopes.

5. At least a dozen sche:::es have been proposed and investigated
as methods flr accomplishing the separatio!l. FO".ll" of these have been devel
oped to the state where their incorporation into a manufacturi~g plant is
under consideration. These methods are:

A.
B.
C.
D.

Hertz gaseous diffusion
Ultra Centrifuge
Mass Spect~ograph

Liquid Thermal Diffusion

- 1 -
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6. A l!!:oal of LKG gr:J1. UZ35 has been establhhed. On this basis
the cost of a separating plant employing any of these iSch~es is over
$25,000,000.

7. This report covers the work which has been done on the liquid
thermal. diffusion method.

(c) History of Liquid TherlD8l Diffusion Research

8. All the other methods that have so far proved to be practical
for the separation of Ur~.ium isotopes were known previous to September 1939
or have involved a minUnum of developmental work in arriving at the present
status. Liquid tbermal diffusion was cons1dered quite impractical for iso
tope separation. Indeed, work at four laboratories in this country indicated
t~t gaseous thermal diffusion, a close relative of Itquid thermal diffusion,
would not even produce a measurable separation. Furthermore, in October 1940,
research performed at the General Electric Laboratory in Schenectaay on thiB
latter method yielded negative results. It was not until June 22, 1942 that
mea.surements were obtained which proved the method might be of real value.

9. The use of liquid thermal diffusion as a means of separating
isotopes was be,guD by two German scientists, Clusius and Dichel. They dis
covered, in 1938, that large isotope separation could be o~tained by gaseous
thermal diffusion. In a short time these men also showed that isotope sep
aration of salts could be made to occur usi~g liquid thermal diffusion ~nd

employing water solutions for the working substance. They obtained an ex
ceedingly small separation of the isotoP2S of hydrcgen by using water as a
working substance. No work on the subject has been published in this country.
The auther's int!';rest in liquid thermal dif·fusion was first aroused in July,
1940 while employed by the Caxnegie In8t11uti~inWashington. At that time.
various means of separating Uranium isotopes were under consideration. A
review of the literature showed that among possible methods thermal diffus':"on
had considerable promise, especially because it appeared that considerable
quantities of material might be handled by this method. A. review of the 11t
erature showed that the German scientists had been the prinCipal, if not the
sole workers, in the field. Using water solutions of zinc salts they had ob
tained separation factors of 1'.2 (20% s8paration) •. However, this separation
~~g accompaniea by a 8even~fold relative change in the salt" concentrations of
the two fractions obtained. In other words, one could obtain from the top of
the apparatu~ a solution possessing a separation factor of 1.2 with respect
to the bottom fraction. However, the top solution possessed only 1/7 as much
solute per cc as the bottom.

10. By expanding this lJ>paratue Ohe could expect to obte-in a separ-
ation factor of 2, but the top solution would then possess lj2fJ:IJ as much salt
a.s the bottom fraction. As one attempted to go t'3 a larger isotope separation,
he would find he could ob~ain such separations but only at the cost" of obtain
ing vanishingly small yields of separated material. The German workers appear
ed to consider liqnid thermal diffusion a scientific cur.iousity and maae no
attempt to develop the method into a practical means of "separating isotopes~
What the Germans ha.ve done since September 1939 is a" matter for conjecture.

- 2-
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Since th~ laws governing the phenomer.a had not been systematically investi-
gat ed, a program was undertaken at the Carnegj e 'Institution of Washington to
survey the potentialities and laws governing this phenomena. hom the be
ginr.1ng, the Naval :Research Laboratory was actively interested, and in Septe.mber
1940 the Laboratory entered into a con~ract with the Caruegle Institute of
Washington providing $2500 to enaQle the experiments to be continued and
expanded. In October 1940 the experi~ents were moved to the National Bu-
reau of Standards. At tbat point Carnegie 1zIstitJ.tion of Washington was l?ay-
ing the authorls salary, the Naval TIRsearch Laboratory was furnishing the
necessa=y equipment and the Bureau of Standards was providing laboratory
fecilltles and a chemist who assisted in cbemical development, rhis arrange
ment continued until J~~e 1, 1941 ~hen the author entered the employ of the
Naval Research Laboratory. A report was submitted to the Director of the
NaVal Research Laboratory describing in detail the rp.sults obtained between
July 1940 and June 1, 1941. Eleven liquid thermal diffusion columns were
constructed. These were made of concentric tubing about 1-1/2 incbes in
diameter and from 2 to 12 feet long. A number of different wall spacings
were used ranging from 2 me to .5 mID. With these columns water solutions
of potassium salts ",ere employed; separation factor and relaxation time
were measured as a function of length, wall snac1ng and temperat~!'e dif-
ference between the hot and cold ....all. The crucial variables proved to be
temperature difference and especially wall spacing. This latter variable,
when changed b~- a factor of 2, ceused the relaxation tir.: ~.o vary from a
few minutes to many hours. It is of intp.rest to note t.,:;;;';' later research
has shown that the finding~ on water solutions have ~,:y limited applica-
tion to the study of what occ"U.rs when U:E'6 is used a;; a working substance.
However, the use of salt solutions did point to the variables which might
prove important and at the beginning of the research an insufficient amount
of UF6 was available to test the method.

11. After the research on potassium salts was completed, an
attempt was made to apply the columns to the isotope separation of water
solutions of Uranium salts. 'rhis proved to be quite hopeless because all
water solutions of Uranium salts tended to decompose at the surface of any
practical wall materials. In addition, there was the problem of ove~cc=~b

t~e relative change in concentration between top and boitom fractions. As
the work progressed it becF~e increasingly clear that to be practical. the
working substance in the liquid thermal diffusion apparatus must be a single
stable compound. rhe Bole knoWD Uranium compound wbich might work was UFe,
However. no supply of this material was available and previously only a
few grams of the substance had ever been made. A new suitable method for
producing tbe substance in quantity waa deVised and a number of kilograms
were prepared. Preliminary experiments to test vapor pressure, stability
and corrosiveness of the subsiiance were carried out. As a result iJF6 was
introduced into t~o thermal diffusion columns and runs were made. Aesults
which appeared to be positive were obtained but late!' e:tperiments' seemed
to indicate that the analysis of the mixtures which was performed by Alfred
O.C. Nier and L.F. Curtiss might not be correct. At that time these :rn.e~

were just beginning to make the Urani'll:l1 isotope analysis and the res~ts

were very little different from zero.
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12. About June 1. 1941 the decision was mad!'! to T:lursue the study
of liquid thermal diffUsion using 36 foo~ col~a at the Naval P~se~rch

Laboratory. It was felt that a number of columns shoald be ~~ilt possessing
various spacings and that these columns should be tested at temperatures as
high or even higher than the critical temperature of UF. For this piU'pose
a 20 horse power high pressure. gas fired boiler was orRered and ultirnp.tely
installed. This unit has proved to be capable of delivering 750 Ibs. of
steam per hour at a pressure of 500 Ibs. per squ..."e inch. Other materi?-1s
including a centrifugal pump werp. likewise ordered. Due to various delays
on the part of the suppliers. the equ.ipment "'as not completed until Novamber
1. 1941. At this point valuh"ble time was lost when an experiment was per
formed using carbon tetrachloride as a working substance in the column.
Positive results were obtained showing separation in the chlorine isotopes
and the effect could be easily measured by a change in density which occurred.
It was found that the light fraction differed in density by one p~rt in 200
from that of the heavy fraction. However. accompanying the sep~~~tion was a
decomposition of c?xbon tetrachloride. resulting. probably. in the formation
of compounds of the general forlilU.la Cn Cl,~_ ~._. Indeed, in ord.er to analyze
the material obtain~d in the column it w~;-n~ce6s'ry to pp.rform extensive
distill~tions in a fractionating column; ulti~ately it wac found thot the
column ha~ been ruinea since it was im~ossible to clean out the heavy solid
decom~sition products of carbon tetrachloride. It was necess~ry to con
struct a new column (.53 mm spacing) which was completed pbout January 1.
1942. This was givpn necessery preliminp~y conditioning treatment. to be
described later in this report. and pl~ced in operation. The first reports
of ?~lysis of samples contained in this device were obtained about February
1. 1942 and gave the first positive results (2% separRtion). Further exper
i~eDts with the colUmn yielded a 2-1/2% separation.

13. Wnile these tests ~ere in progress a new column was con-
structed which employed an increased spacing (.55 mm). It was put into
operation March 1. 1942 and numerous runs were made under varying condi
tions with it. These yielded a ~aximum of 1.4~ separation. Prospects tha~

liquid thermal diffusion might be of value for large scale separation of
Uranium isotopes seemed dark inde~d at this point. aowever. a third f~ther

ccl~ was placed under construction employing a spacing of .38 rom. The
first results from this wer~ forth-coming on June 22. 1942. These showed a
separation of 9.5% and indicated that by decreasing the spacing between the
hot and cold walls to a somewhat smaller value that better re~lts still,
might be obtained. One of the encouraging fea~es was the f~ct that the
time necessary to obtain substCllti?~ly an equilibrium separation was two
days. At this point, it is convenient to introduce what we c~ll a pseudo
t>qu.ilibriUlil time which is defined ?s the time r~quired for the apparatu.s
to produce a sepa.l"~_tion equal to 1/2 of the equilibrium vl'llue. The pseudo
eq,ulibrium time for this new colUll!D was 8 ho'U!"s I'll1d in spite of the increased
separation that was obtained, this time 1offi.S not greater th;m that found in
the columns possessing a wider spacing. This finding was in complete dis
agreement with such predict ions as h.:... ~ been made by experts in the field of
isotope separation. In fact, one w~ll ~~cwn expert had predicted u relaxa
tion time for s:J.ch a liqu.id thermal (.iffusion device of 100 years. During
July another column was placed in o~;.eration h;l.ving Cl s!,p.cing of .2 mm and
this led to a separation factor of a~. During the construction of the

-4-
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pilot plant a further column was testec whi~ possessed a s~acing of .14 rnm.
The results from this apperatus clearly in~ic~ted thAt the o~timum spacing
was greater than this value and, in fact, separp.tion fqctor fell to 12.6%,
It is felt th~t ~hile the optiQum 8p~cing has been brAcketed the best one
has Mt yet been obtained. Indeed, the evidence suggests that optimum
sp~cing is a function of hot wall temperature. Tests p.re currently in
progress to determine optimum spacing and hot and cold wRll temperatures
using the 36 foot experimentAl columns pnd it is felt that the proper
operating spacing ... il1 be icund in the near future.

14. P3 An~~st I, 1942 it had become cle~r that the erection of
a pilot plant was desiratle. The use of a single column to acquire in
formation re~uired too euch time to get all the info~~~tion t~t was needed
for design of a Inrga plent. Furthermore, it was felt desira~le to gain
experience in the method of connecting col~s in series and to ott~in ex
perimental evidence on ~he pseudo equilibrium time as a function of the
number of columns co~~ected 1n 6z~ie~, In addition, the pe~issiole rate
of withdrawal of caterial was desire~. The pilot p12~t was expe~ted tc
provide information as to the dependability of the units ann the feasi
bility of opeTRt1ng a lorge plant with a minimum ~f difficulty. By Nov.
15 the plant was in ~ prectically completed state and the first tests were
b~. Most of the diffic~tiEs which rF~uired attention arose from such
~atte~s ~s inadequately tightened plumbing, pumps connecting to ruL back
\"ards and so forth. By December 1 these tro~lbles had been attended to,
5 columns ~~c been cleaned fluorin~ted and f~lled with materi~. In the
period t~t~een December 3 and December 17 the apparatus was run continu
ously with no shut down or break down w~~t so ever. Indeed, so constant
were the vario.....s temperatures and operating charocteristics the.t practi
cally no attention was req...ired to in3U1"e SIlccessf-..D op~rs.tii)n. Many days
passed in which operating personnel did not touch any control Qevice succ
as a valve or V2.Xi8C. No sign has arisen of any defect or cLi.fficulty which
might cause a progressive deterioriation of the apparatus. Iu fact, it is
fel t that any breakdown which will occur will be due to est~:Olis.hed com
mercial e~ui~ment rather then to the columns themselves. The sole ~iffi

culty ~eg~ding column construction which has arisen to date resulted from
an arbitrary decision which was, perhaps, not wisely made. If the o.d. cf
the monel spacers which center the nickel with respect to the copper is
made 3 thousandths of an inch less the~ the i.d. of the copper at room
temperature, then l1.D.der operating conditions these two will just coincide.
Ho...rever, this Elrbii;rary choice does not Cl1.1ow for the fact that copper is
by no means circular. Hence, as the temperature of the copper and. the
nickel begin to approach operating conditions the monal will tend to bind
on the copper. The difference in length between the copper and the nickel
changes about one-half inch on going from ambient to operating tempe~2:t·u.res.

Hence, if a condition arises in whiCh motion is restricted tremendous forces
are set up in the tubing. These consist, generally, in tension in the coppar
e~d compres~ion in the nickel. In brazing 12 foot sections of copper togeth
er annealing of this metal occurs at the junctions. Hence. as the metal is
subjected to tensile force the copper tends to give at the point at which it
was annealed. Simultaneously. with an increase in length occurs a constric
t ion in diamet er which om easily result in the normCl1 spacing of 10 thousand
the of an inch being cut to less than 1 thousandth, thus interfp.ring with

- 5 -
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norDI'.J. opcrat ion of the apparatus. The difficulty· was ~aai1y detected by
oeasurement of tb.e ~ansion of t:!:l.e nickel relative to the copper on going
frou ambient to operating temperatUIe and then returning again to ambient
temperature. If conaitions ~'e proper a re1ptive expansion of e~proximately

1/2 inc~ should occur on establishment of operating conditions. On cooling
the length of the tubing should return to their initial conditions. If it
is found that the copper has assumed a new and lcnger length the source of
the difficult:· will be detected. In each of the 3 cases where this con
strictive difficulty appeared it was detected before UF was admitted to
the column. This difficulty occurred in :3 of 9 columns6which have b~en
constructed. In the pnst on the 36 foot experimental columns 4 thou.sandths
of an inch instead of :3 t!louSM.dths of an inch had been allowed between the
copper and the nickel and no such difficl.ll ty "KaS ever experienced.

15. At present 6 columns are in operating condition and additional
units are 1.'~der construction. Assembl~r time for a unit is somewhat less than
a cky and a 1"..alf. All other fe~tures of the plant are completed so that in
c~aer to place the 14 units in operation merely requires the completion of 8
additicne~ columns.

TEE 36 FOOT EXPER-"'lWTAL PLA.Nr

(a) Experimental Results

15. In the study of the variables which govern liquid thermal
diffusio~. one of the most important is tha spacing between the hot and cold
...alls. This ...ariab1e is the one least Buseptable to theoretical study. Ex
perimental re5Ult$ ~<',,"e ::hown it. to be- the most crucial of all the variables
connected with "this effe:ct. The experimental method employed was to con
struct a column possessing an arbitrarily chosen spacing c:.n.d then to study
the perfori:2ance of the device keeping the cold wall at approximately 600

9nd varying hot wall temperature. The following table indicates the nature
of th~ ~~sults. -

Column No. Spacing ~+. of 1]:5 :Best sepln. Approximat e Power con-
in cclumn obtained. pseudo equi,- sumption

librium time 4T - 1500C

1 .5:; mm 3200 gr8.'l1S 2.3 ± .~ 16.000 c~/aec.

2 .66 mm 3800 grams 1.6 ± .~ 8 hours 12,000 cal/sec.
3 •:re ii1fn 2300 graJll3 10.6 + .3% 8 hOurB 21,000 cBl/eec•
4 .21 mm 1400 grs.llIS 20.4 ±.3% 15 hours 32,000 Cal/sec.
5 .14 mm 1100 gI"SS 12.6 + .3% 13 hours 40,000 cal/sec.

Et'c= this table it ,""-..i.1d appear that the best spacing lies somewhere betwe"'-Il
that employed in columns 3 and 4, i.e•• in the region between the spacing of
.21 mm and .38 JDm. This best spacing will be, in part, determined. by pressure'
of steam which is avaU~:Ole. A description of the .es-..:.lts from individual
CO!.UWIiB follows:

SEeBEr - 6 -
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Column '1
17. This apparatus wes the first one constructed and a post mortem

investigation showed that the spaces were not as well machined as they could
be. In par~ of the column, the nickel was not constrained in a position con
centric with the copper. Furthermore. the isotope analysis performed else
uhere gave trouble. However, a number of runs made at 1700C and 210°0 gave a
value 2.3% as the 'bpst result end indicated a relaxation time of about one day.

ColUl!ln f?

18. In studying this apparatu::; improvements were made in saI!lpling
technique and the meth.,d of sample withdrawal standardized. In all cases, 90
grams of material wer'; removed from the column in such a way as to create a
minimum dist~bacce to the distribution of ~ateria1.

Hot Wall Cold Wall Length of am '" Separation

17c9c 62°C 20 brs. 1. 2 :!: .'iff.
21S'0 6200 24 brs. 1.1 ± .2$
1900 C 6ilo 2'7 brs. 1.3 .:!: .a%
1500 0 6a'lC 2'7 brs. 1.2 :t .'4
1900C 6ZOC 8-1{2 brs. .? ± .2%
1900C 6~C 2 days 1.3 .:!: .~

19. A rate of flow experiment was made at 190°0 hot wall, 62°0
cold wall. This experiment showed that if one had two of this type connected
in series and introduced ordi~·y UF6 a.t the neutral point between them, 1]]'6
could be withdrawn from the top of one and from the bottom of the other pos
sessing a separation of 1.4~ and at the rate of 2 kilograms in each fraction
per d:;.y. A similar experiment showed that at a hot temperature of 150°0,
employing two columns in series one could get a separation factor of 3.2 :!: .4'1>
and withdraw m~.terial at the rate of 2 kg of each frl'lction a day. This result
indic~tes that with a. wide spacing lower hot wall temperatures are probablY
advantageous. This is perhaps due to parasitic convection currents '\orhich can
occur when wid.e spacings are employed. ~he figures qu.oted point to pseudo
equilibrium on time of about S hours for colUII1Il 2.

Column :f3

20. The experimen'.;s performed. on this apparatus Slowed it to be far
superior to the previous columns. The following results h8ve been obtained..

Hot Wall

170°C
170°0
170°0
210°0
210°0
210°C

Cold Wall

64°0
G40C
64°C
64°0
64°0
64°C

-1-

Length of :Run

1 day
2 days
4 days

22 brs.
2-1!2 days
4 days

t/J Separatio!l
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In these experiments the samples take:l off were 100 grams each. If there is
DO error in tn.e experiment 01' analysis. I'l. pseudo equilibrium time of less tho1n
a day - of the order of 10 hours at a hot well tempera.ture of l?Co is indicated..
Pseudo equllibriUI:l at the higher temperature appears to be longer - about a day,
on the basis that figure 11.6~ is correct. H01Jlever, there is all inconsistency
in the figures for 2-1/2 days and 4: days. which casts doubt on the reliC'..bility
of ll.6~ result. If the lO.~ value is correct then tne relaxation tice at
210°0 is about the same as at 170°C. Flow experiments ha:~e been made showiDg
that one can withdraw material in t1olO fractions possessing a sepRration of ~
and at the rate of 1 kg of each per d&y.

21. The improv8!!Ient of ColUl:ln #3 over ~lUl:ln fa becomes clear w~en

it is recalled that virtue of a separation apparatus is measured by (logS) F
where S is the sep~at10n factor and F is the rate at which each fr:?ction can
be removed. On this basis, Column #3 is as much as tan tilnes as good as
ColUllUl. #G.

Column f4

22. The experioents on this apparatus did not yield the !!larked iI!t-
provement over Cclumn f3 that was aaticipated. Nevertheless. an improveI!!ent
was obtained:

Hot °reall Cold W~l Length of Bun ,. Separation

170°C 64°C 1 day 7.8~
170°C 64°C 2.2 days 13.01'
17000 64°C 4.2 19.~
2100 e 64°C 1 day 13.5~
2l00C 640 e 2.5 days 18.2'/J
210

0 e 64°0 4.5 20.4~

23. In the ease of this apparatus 55 -gram samples were withdrawn.
Consideration of the hold-up of the column and its :pseudo equ.i1ibrium time
shows that two fractions of UF6 ?CO gTl£lS each can be withdrawn from this
column. per 'l.:lY possessing a separation factor of 14.

24. The figllres indicate an improveD.ent over Column. =13 in (log S)2F
of a factor of 2.8.

H-:>t Wall

170°C
170°C
215°C
215°C
~50C

23QOC
230°C

Column #5

Cold Wall

sooC
64°C
5'(OC
570C
5"JOC
SOoc
roDe
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Length of liw::I.

1 day
:; days
1 day
2 days
3 days
1 day
2 days

~ Separation



SEClrnr

25. At this point it should be emphasized that when we speak: of
hot wall temperature of 1700 we mea:!. that saturated s·ceaJD at a gauge pressure
of 100 1bs is in contact with the inside of the nickel. Ina::tual fact a film
of .....ater will at all times be found upon the surface of the nickel ~.nd a cer
tain teoperature difference will exist between the outside of this film an~

the nickel w:;>~l itself. In additio!l.. there is a i:.emperature drop thrf)ugh the
nickel. In the case of vf::ry small spacil3€s the tempe:-ature drop in f,his w:>..ter
fi1l!l and in the nickel may COIl!e to be a considerable fraction of thC'.t in the
UFo itseli. Our measurements show that UF6 ha.$ a thermal conductivity of the
orCler of 4 x 10-4 ccUories per degree centimeter. A similar cOIllll1ent 1lo1~..
true in the case of the cold wall. In the case of the cold wall. wat£~ at a
te.J:lperature of. say 640. "Was caused to circulate past copper at the re;"e of
abou.t 10 feet per sece.nd. At the surface of tM copper is a thin film of
water which is motionless. For the heat to be conducted through t!::is film
a gradient of teJ:1perature must exist and as a consequence it woul.d not be
surprising if the temperature at the inside circumference of t!le copper were
100 high.er than that of the circulating water. It would appea.r that the
foregoing ~enomena constitutes a large part of the reason for the decrease
in sepaxation which was observed. in Column #5. It is readily seen thAt in
the limit as the wall spaci~s approaches 0 that all the tel:lperature drop
will occur in the two surface films of water and in the copper ~d nickel.

(b) OpE'.rational Characteristics

26. Throu.gbout the work on the 36 foot columns careful attention bas
been paid to determining the dependability of the columns. If a large plant is
to be set up capable of prodllcing 1 kg of 9a.' U235' many thousands of u.J.its must
be employed. This will be true of" any device which has•. to date. been employe-i
for isotope separation. Unless each individual unit which is to make up the
~otal pyramid is Clbsolutely dependable and free from all troubles. the diffi
culty of operatiIlg the assemblage quickly becomes astrono!!!ical. To be practical
the d.evice must "be capable of a trouble-free operation which is at least equi
valent to the performance of electrical motors. Indeed. it WOl1ld be desirable
to s'll'pass even their splendid degree of perfection. NClturally~ i.Il the time
which has elapsed it has not been feasible to subject our columns to long time
performance tests. the maximum length of time for which any column has been in
operation is 500 brs. However. on the completion of e~erime4ts. the experi
mental units ~ve "bean completely dism.9.D.tled and parts Cf-.refully examined for
signs of corrosion or of any progressive wear whose cumulative effect might
tend to impair operation of the column. Furthermore. the possi"bility bas been
considered that UFS might undergo disociation at tb.e temperatures at which we
"Work:. lTo evidence for this effect ""'-S bee~ found. After operating columns for
500 hours the nickel wbich forms t:. not wall was removed and inspected. It
was found to be entirelY unchanged, presenting the same shiny appearance that
it possessed whaa the column was initially assembled. These observations give
rise to the belief that thermal diffusion columns can readily be made to pos
sess all UIIIlsually high degree of operating dependability.

TEE PILOT PLa'"!

(a) Design

Delidgn of the plant was considera"bl y inf'luenced by the need for
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speed. For instance, because of the avail?bility of a heating boiler, the de
C1S10n was made to use this source of power in spite of the fact that the
maximum pressur~ o'btain~ble from this device was 165 pounds per squCl.re inch.
Our experience in the past has indic~ted that a considerably higher pressure
is desir?ble. The lBIlgth of the columns was set ~t 48 feet, largely because
existing facilities would cc~veniently permit of this arrangement. It was
felt that greater len~h was desirable (192 feet). However, in the interest
of speed, the decision was made for the shorter length.

28. Many of the other design characteristics of the columns ".re
quite arbitrp.ry: the diameter of the inner nickel tubing which acts as the
hot ~l was chosen to be 1-1/4 inch i.p.s. (1.667 inch o.d.); the f~ctors
which set this di~eter were these: a small€'r diaJlleter would result in
lessened production per column. accomp~iedwith a severe increase in the
steam pressure drop within the column; a larger diameter, say twice as great,
would increase production by ~ factor of 2 at most. However, if the ~~l

thickness were maintained constant the rigidity of the tUbing would decrease
to 1/8 and even if the wall thickness were increased to compensate for the
increased diaI9.eter the variation in dianeter of the tUbing would still be
much l~ger than in the case of the 1-1/4 inch i.p. s. It would appear that
some increase (25-5~) in diameter ~ight be feasible. However, since our
earlier experience was with tubing of 1-1/4 inch i.p.s. it did not seem ad
visabl.e to introduce a new experimental variable in view of the slight
advantage to ,be gained. The cboice o£ nickel I'\S the hot ......ll metal was made
because of the experience thl\t nickel is prob",.blY the least cor.roded by UF6
of any elements in the periodic table. A possible substitute for nickel is
aluminum or some of the aluminum alloys such as duralumin. Corrosion tests
have shown these materials to be very resistant to UF6 and wera the shorta.ge
of nickel to be severe it is probabl.e that these materi<lls could be useCi.

29. The material chosen for the cold WI!\.1l. was cop:ner. At the
operating temper;:tture copper i'" practically unaffected by UF6 provided a
preliminary fluorination has provided a protective fluoride coating on the
metel. Other considerations included is t!le fact that copper is a good
thermal conducto~ end tlL~t commercial copper tubing presents a surprisingly
good uniformity of diameter and roundness. It is likely that any one of many
metals couJ.d be used for the cold wall. The weUl spaCing between the nickel
~d copper tubing was chosen on the basis of experimental results on the 36
foo~ test colunns. Under operating conditions this distance i8 .25 mm.
Accordingly, the i.d. of the copper was set l\t 1.690 incheJl ?oOd an o.d. of 2
i~ches was arbitrarily selected.

SO. With the spacing (,010 inches) 'odlich iu ollerat1on exists be-
tween the inner nickel ~.nd outer copper wnlls. the ~~stion natur~ly a:ises
a.s to the importance of exactly m:lint~dnin€ this dil!lension. COImIlerci",~ tubing
possesses deformities or irregularities which ~ c~se a deviation from the
chosen dimension. for instance copper tubing varies in its i.d. due to ov?~ity

from 1.688 to 1.692. ~iw would mean. a spread of from a thousp..ndths to 12
thousandths in the spacing. 'While this VM"u.,tion extends over only a. short
section of the tubing a. spread of froe 1.689 to 1.691 is <:tUite coJlll:lon and it
is rather i'al'tuit.&a to find tubing which does not deviA.te to some extent
from the ~vera.ge i.d. of 1.690 inches. In addition, the copper tubing is neVE'r
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straight, There are always bends a.."d ki:o:lks. Likewise the nickel tubing
possesses ov~.lity and is not always straight. I:::l selectiIlg the tubing that
was \Sed, ord111a:'Y commercial copper w~s obtained. In view of the large
tolerances which the International Nickel Company prescribes for its tubing,
we asked the company to supply us mC'.terial which would conform to sotlewhat
better specifications. 'rl:.h the compEUlY was readily nole to do. With lengths
of tubing which are e::Iployed it seems necess:>.l:Y to eI!lploy sp~cers in order to
center the nickel with raspect to the c~pper. It seems obvious from th& con
sider2.tion of the st:riaghtness of the tubes that tbese spacers must occur fl.t
le~st every 2 feet. To date, the method used for fRstening the spacers has
involved the drilli:::::.g end. tapping holes in the lSidcel and scretfi.ng in 5-40
monel studs into th£, :aickel. SUbsequently, the tubing is placed in 11 lathe
and the monel is turned d.c~~ to the proper di:m.ete~. Various frequencies of
sFacing are employed, but in ill cases a s~t c~ s~ncers consists of 4 pl~ced

around the niQkel tubio.g at 90° inte...-vals. The d:i:stanc~ between sets which
MS been el!.pl.ayeQ. h.",ve been 6 inche5, 12 inch.es and 24 incb~~. We have not
yet determined the optit;rl..:.:a d.istance between spacers, but experke~t5 are in
:progress. It se&ms probable that •. as prev:Lous1y mentioned. there must be at
least une set every t",-o feet. FrCOI!l the stand.point of labo~ alone. it seems
desirable to maintain the frequency at less shan oue set every &inches and,
in fact, a greater frequency Qigbt even be harmful to the process since the
spacers must produce a local non-uniformity of the heat gradients.. Using
the 36 faot column, an experiment was inadvertently cond.ucted in which spacers
did not center the nickel within the copper and isotope separation did occur.
we are under the impression that the successful work:ing of a column is not
l<'.rgely interfered. with by a lack of centering of the tubiIlg or by ovality of
either the copper or the nickel_

31. In the pilot plant a closed steam system is employed. Steam
is conducted froa a heating boiler to a manifold which is in the vicinity of
the top of the columns. ~hiB manifold possesses 14 risers e~ch serving a
single C01Ullm. A.t the bottom of the columns a similar manifold. is located.
Each column possesses a steam valve at i.ts top and bottom. Ste~m is fed. in
at the top for obvious reasons and condensate collected in the manifold at the
bottom. This condensate is lead through a trap to a condensate return pump
which feeds the water back into the boiler. To dat"e, the steaI!l operating
pressure employed. bas been 100 pounds.

:32. :Each individual column has its own water circulating system in.
\o;hich water at approximately SOO is kept in IIlotion by a Worthington 4 DE 15
horsepower centrifugal :pump~ Under our conditions this pump causes a flow of
apprQximately 1,000 g.:p.l!I. Oh this basis the tel!lperature difference between
the botto:c:l and the top of the co lumn is .5 of a degree G. To maintain the
temperature at 5000 hot water is bled from the top of the system and 9 g.p.tI.
of cold water (5°C) is fed in at the suction side of the pl.lt!lp. Choice of
centrifugsl pump was ~bitrary and there is no reason to believe that a cir
culation of 50 to 100 g.p.m. would Dot be adequate. Experiments will be !:lade
to dete..""'!iline the ~ffect of such a pumping speed.
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672 ft. of 1-1/4 inch i.p.s. nickel tubing
672 ft. of 2 inch o.d. copper tubing
1500 ft. of 4 inch i.p.s. iron pipe
900 ft. of 2 inch i.p.s. iron pipe
aseorted 5 inch and 6 inch iron pipe
structural steel
brass and bronze valves and fittings
mscel1aJ.leous copper
miscellaneous nickel
15-4 DE centrifugal pWilpS at 700 lbs. e:ach

10.500 Ibs. mainly iron at a total cost of

(0) Cost of Operation

Yeight

1.750 Ibs.
~OOO Ibs.

18.000 Ibs.
4.000 Ibs.
4,000 Ibs.
5.000 Ibs.

400 Ibs.
200 lbs.
100 Ibs.

~

$ 1.672.00
540.00

1,800.00
500.00
400.00
600.00

5.400.00

33. The plant, to date, has been onerated with steam pressure at
100 lbs. per squa.re inch and cold water t6l:lperature at saoC. Under these
conditions 100 ~.T.U. per second of steam heat is con~~ed and 9 g.p.m of
cold water at 50 is r~ired per column. This s~eam consumption is approx
imately 450 lbs. per hour pe!" column and with our boilers we find that 1250
Ibs. of coal are used each day. At $5 a ton for coal this amounts to $3.15
per day. Cost for cold water is $.25 per column. At $.01 per kwhr the
power charge per column for the cirC"~ating :system is $2.50, giving rise to
a total cost exclusive of operating manpower of about $6 a day per colUI!ln.
On a l?..rge scale ·",ith favorable location relative to a coal mine the steam
cost would decrease to e.bout $2.50 per day and it is quite probable that
charge arising from a circulating system might be reduced to less than $1
per day, giving risg to a total of $3.50 per day per column.

(d) Operating Methods and Techn~gues

34.. We shaJ.l consider first the testing and operation of a siI!gle
column. The techniques that are used in operatirg the colwnn hinge to a
large degree O:ll the physical and chemical properties of UFG• As has been
mentioned previously. in this report, considerabl<: research has been de
voted to deterI:lination of the physical and cr.ar.1cs.l properties of this
suhstance. Thus, it is the chemical propert1e~ of UFS which determines
that nickel l!IU.st be used with the bot wall and T.hc.t no organic material
(in the form of packing) may be used in this device. Furthermore, at the
temperature at which it is desirable to operate, the compound possesses a
vapor pressure of about 400 Ibs. per square inch. Accordingly, in con
struction welded and brazed joints must be tested. hydrostatically to in
sure that there should be no leak whRtsoever. The ~omponent parts are
tested to a pressure of 800 lbs. per squF-re inch. Upon completion of the
column and after it is fastened into its operating position, procedures
are carried. o~t which remove any excess oil from the working space. These
procedures consist of waahing With carbon tetrachloride and the passage of
high pressure hot water through the column. The device is then thoroughly
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dried. and fluorine is introduced into one end of the column which is heated
to 1:3000. This stream of gas is maintained until fluorine is observed to
appeal" at the opposite end of the appart.tlls which generally requires about
2 hours when the flow of gas is 2 CO per second. The action of the gas is
to fom a protective coating on the nickel and c(\pper and to remove any
last traces of organic materials or other substances which might cause de
composition of the UFs• The apparatus is then ready to be filled with 'UPS
'Nate:' is caused to flow in the circulat1Dg system and high pressure ste2I!l is
adoitted. to the inside of the nickel. The storage chamber containing sone
what oore than enough caterial to fill the co:;'umn is connected. to its
bottom and the temperature in the chanber is increased until it is approx
it1ately 200 above that of the bot wall of the colUIllIl. Under these conditions
the vapor pressure of UF6 in the storage ehamber drives the material into
the column and maintains it there. In running. the storage chamber is left
connected to the colUI:l!l and is maintained at the 200 higher temperature.
Thus provision is made against the creation of excessive bydroste.tic presSl.:Ie
wi thin the col'U!lm. Were the storage chamba.... to 1>e disconnected and the tlF6
I!laintained b. the column without a provision for a::l exit. then an increase
in e5.tner the stea:n pressure or water circulating tE!I:lperat'lll"e 'Would.. be

. accompanied 'by an increase in volume of the UFS. .An excessive cooling would
also be harmful since then propel' preesure would not be maintained. on the
eolumn_ Ul.timately. if the temperature were too low the material wo'l1ld
solidify on the cold wall. Fi:ca.lly. when too II1leh of the material is
solidified very peculiar things happen in the column and the remaining liquid
~aterial therein pitches violently. Keeping the storage chamber connected to
the column thus maintains a constant prelilsure u,pon the material and provides
against drops which otherwise occur when inevitable temperature variation
comes.

35. ~o date it has not been found necessary to use any valves or
other moving parts in the co1l.lInn. A valve has been dev'eloped and tested
which is proving satisfactory. but as yet has not been used. largely because
it was 'tInnecessa:L"Y to employ in the present plant. In removing samples 1/4
inch monel tubing (1/8 inch i.d.) is employed, this tubing taps into the
column at the top sr·! at the base and extends out approximately 5 inches.
Under normal operating conditions this tubing is filled with '0]'6 which. at
the end away irt;,m the column. is solia. To dra..... off materiaJ. from the
col'lJJllIl. a container is fastened. to the conel tubing. Monel is then gently
flamed. the;::hunk: of solid materia1 melted and the container is practically
instantly filled with UFS•

36., In slmt'Gi-ng down or stopping oper::o.tions the method usually
employed is to freeze the tubing connecting :otors.ge chamber and the column..
StearJ is then cut off and when the colUJ!!:i is cool circu.latint; 'lr:9.ter is
stopped. This method prevents an ~eessive amount of UF6 from flowing in
""hile the column is cooling. The colU.lllJ1 possesses the proper aI!IOUIlt of
material so that when rwming condition is reassumed very little flow of
material out of or into the storage chamber is necessary.

37. A simple means has been devised and used to make possible
connecting up a number of columns in series. A convective loop is estab
lished between the top of one col1JI:m and the bottom of the :aen. In this
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loop, which con~i2ts of 1}16 inch i.d. tUbing. material goes up one tubing
anc. down t;:'e other. Motion is established by subjecting one tubiIlg to a
tel:!perature !;f ap roxi...,:~:t91y 1500 and the second. to a temperature of
approximately 1l0~. Density of the mRterial in the tubing at 1500 is .2
-.3 grams per cmS less than that in the cooler tubing. As a result •. material
flows down in the cool side of the loop and up in the hot ftide. A total
driving force "around the loop of about 5 Ibs per square inch is obtained. It
is obvious that this driving force could readily be increased by changing the
two teI!lperatures. and. in :r~ct.....ere it necessary a driving force of as ::!nlch
as ~ Ibs. per square inch could. be obtained. Ho....ever. viscosity of tJF6 at
130 C is of the order of one centi:poise and a satisfactory circu1ation is ob
tained under the conditions ",bich have been discussed. ~b1s method of cir
cu1Rtion-has been used and proved to be quite satisfactory. To date. 4
columns have been connec~ed in series with satisfactory results.

(e) Erperimentel hanlts

38. Sufficient time has not elapsed since the beginning of oper-
ations on the pilot plant to accumulate many experimental results-. It has
been thought best to start work by testing individual colUQIls first. ~~n

individuals have been connected to form series pairs.

39. One such pair gave the following results:

Time

1 day
:3 days
5 days

:Bottom Sample

-10 'f,
-20.9~
-26.5~

Top Sample

3.~
ll.~
15.0%

40. ~heBe ....ere '()btained using a hot wall teII!pe..':'ature of 170°C
and a cold wall temperature of 50°0. Previous experience bes shown a more
rapid approach to equilibrium when higher operatiDg temperatures are employed
and this is e:pected to be also true ill the Case of these columns. One im
portant eonseClUenc8 of this experiment is the light it sheds on the effect of
dead space at the top of the columns. There is 11tt1e doubt that the slower
rate of approach to equ.ilibrium at the top of the second column of the pa.ir
is du.e to this dead space. It seems feasible to diminish this vo1U111s .by more
than 100 cc. by a re-desig::. of the top sylphon assembly. This change can be
accomplished i:iJ. units which are not about ready for assembly and will noi: re
sult in a delay in the testing of the plant.

COSTS OF LIQUID THEBMAL DIFFUSiON BESEAllCR

41. To dat e !!ome $64.000 bAs been expended on liquid thermal
diffusion research. The &1ount of coney spent on materials bet een July 1940
and June 1. 1940 was $1100. In that period salaries of $5000 ere chargeable
to the work. :Between June 1. 1941 and July 1, 1942. a period which covers
cost of the work on 36 foot units. the Sll:il of $18.000 was expended.. ~s in
cluded all salaries. materials and overhead ch:'l.rAgel\ble to the project. :Be
tween July 1. 1942 and December 1, 1942 $40.000 was expended - principally
for the pilot plant. A breakdown of this fignre follows:
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SECREJ:

Mtl.terials: tubing, pipes, valves etc.
Centrifugal pumps
Conversion of Heating Boiler
UF
S~aries of scientific personnel
Salaries and overhea.d of shop labor

llESULTS FROM THEOREUCAL STUDIES

$ 7,000
5,400
g,OOO
3,000
5,000

10,600
$40,000

42. A theoretica.l study of liquid thermal diffusion bas been
begun by Dr. Bosen of the Univeraity of North C~.rolina. Calculations ~.ve

already been IM.de to determine the nu:i:oer of lJIlits required for 1 kg of 9r$
U235 per day. The unit taken is aasum.ed to eonsist of two 48 foot columns
connected in series. Material would be fed in at a point between the
columns. Enriched material would be w1thdrnwn from the tcp of one column
and impoveriehed :;'!.!bstnnce from the bottom of the other. The enriched
materi::,~ would form PM't of the feed for the next layer and the impoverished
substance would fl)rDl part of the feed for the preceding layer~ The outpllt
per unit is taken as 1 kg. UFS per da7 IUld the number of columns reltuired
is calculated R. function of S. In this connection S is defined !l.S the
isotope ratio between the input and. the enriched !lIaterials. The results
vf two of these calcu1ntions are ahown in the following tpbles. The units
required. aT" given in round numbers. In the case of S =1.50 the stripping
section is included. In the case of S = l.l additional striPEing . 18
needed Tequiring about 5000 additi~na1 UDits.

Objective:
Separation:
~ransport I:er Unit

]. kg 9rJ1, U235 per day
3 == 1.50
= 1 kg per day in positive direction

Stage

n = 0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

T~tal li-.....ber

Units in parallel

419
281
189
127

86
59
41
2B
20
15
11

9
?
6
5
4
3
2

1312
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Cu.tpu.t

%U235 of Feed

.71
1.06
1.58
2.36
3.49
5.15
7.53

10.9
15.5
21.6
29.2
38.2
48.1
58.2
67.6
75.8
82.4
8?6

91.4 ~ U235
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Objective:
Separation.:
Transport per Unit

1 kg 9~ U235
5 = 1.10
=1 kg in Positive Direction

Stage

n=O
1
2
:3
4
5

10
15
20
25
:30
35
40
45
BO
55
SO
65
70
74

Total Numbel'

Units in parE'.ll e1

2092
1902
1731
1575
1433
1305

S15
512
323
206
1:34

88
50
42
31
23
18
13.,

...
G

23,800 Output

tf. U235 of Feed

.71~

.7S'f.
~8~
.94~

1~04~
1.14~
1.8~
2.9~
4.59~
7.19~

11.1 'f;
16.7 t/J
24.4. ~
34.3 'f
45.6 ~
57.5 ~
68.5 ~
77.8 f,
&5.0 ~
89.2 1=

90.1 %

43. Other characteristics of the units are being investigatea
Inc-luding the relaxation time of both the pyramid. and. i~dividual col'UI1lIls
under varying conditions. ~ attempt will be mRde to develop P.. theory of
the processes by which isotope separaUon is obtained.

FUTUBE UNITS

44. Previously in this report the reasons fo:" selecting a 48
foo·t length for the column have been detailed. Cons1derat1on of the i'acl';ors
that go into successful operation of the column sho,,", that a mo:re practical
length fOT 12J."ge scale operation would. be appro:1m<"telY- 192 feet. Our, unit
woul.d consist of two 192 foot columns connected in series. A reasonable
estimate of the performance of 8Uch a unit can be made. Th:is is based on the
assumption which is backed by experimental evidence that separation £a:::tor
increases as el • On this basis an equilibT.1U11! separation fnctor S = 70 4
wou1d. be obtained 'between the e!lds. This .::orresponds to introduction of
m~.terial ::tt .71~ U235; equilibrium sample. containing 1,,9~ U235 could be
taken from the top RIld samples containing .26~ U235 taken from the bottom.
It'shoula be emphasized tha.t thia represents the equilibrium value and that
in the operat1:1g state one ",-ould run at operat1~ conditions in which ma
terial "''as removed. at 1.1% and injected at .~. It will be posslb.le to
9btain a fairly good idea ·~fthe pseudo equilibriUIII time and output of euch
a unit by a test ~ploy1ng present units of the pilot plant.
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PQTOOlALITIES FOR IMPBOVEMENT OF APPARATUS

45. The potentiali~ie8 for improvement of the performance of
apparatus have not been emanated. Optimw:1 apecing has probably not been
achieved. In view of the clUc1al nature of this v~riable a sub stantia1.
improvement may be attainable. .An improvement in perfomance will be ob
tained by the use of better centering of the hot w~ll with respect to the
cold. To date, no real attempt has been mRde to insure that the two w?~ls

should be accurately concentric. Likewise the proper fre~ency of spacers
is UDknown.

46~ Optimum hot and cold wall temperatures have not been estab-
lished. No systematic investigation has been made of the effect of varying
cold wall temperatures. All indications point to the value of increasing
the hot well temperature. To date. the 2:l<\ximum temperature a.t the hot edge
of the tlFS haa not exceeded 200oC. No reason can be seen why this tempera
ture could not be increased to 3000C or 4OQoC with advantageous results.
The diffusion process would then operate on a combination of 1i~id and gas
with tl:a density of the gas being in til:;) neighborhood of 1.6 gramsjcm3•

4'i'. Redesign of the top of the col1mD;: ~an cau.se a decline in
pseudo equilibrium time. The use of higher temperr:l.tures will also aid in
this direction. Attainment of higher separations would probably be accom
panied by a decrea.se in the pseudo equilibrium time for the pyramid.

COMPARISON OF VARIOUS SEPARATION MErHODS

48. The secrecy which has been maintained around progress of
other methods makes a ~antitative comparison between the sch8I:Ies somewhat
difficult. However. it is quite feasible to make Do qualitative description
of the relative merits of the various methods. The gaseous Hertz diffusion
method possesses the following characteristics. The separation factor ob
tainable in a single unit is low. in the neighborhood of 1.004. '.rhus. in
order to obtain a 9CJ'1, U235 by this deVice, it is necessary that approximatel)"
2000 units should be connected in series. The virtue of the appara.tus would
seem to lie in the fact that large- quantities of Iilatericl could be processed
by increasing the 1U'ea of thE> di ffusing screens. In addition. the tiEs
necessary to establish an initial equili"orium could be !!ls-ie reasonably short,
perhaps 90 days. By varying the size of the unit according to its place in
the pyramid it would be necessary to have only approximately 2000 units. It
should be !loted. however. that all the units I:IUst be connected in series and
too'; elaborate precautions must be taken to bypass units which might fail.
Fu.rtherI:lor~. one I!lUst have thea e 2000 U1lits whether !:i.e wishes to withdraw
1 kg or .1 kg 'cr235 per day. '.I!he flow-through centl'i:fugal method possesses
a higher separation factor (s =1.02). this figure can conceiv<lbly be in
creased. Estim>tes have been made for the tot:=! number of urits b2.ving a
1 kg of 90~ U235 per day and these involve the building of approximately
5000 of the units. 'rhis metliod produces very large quantities of separeted
material per unit and ~ain has a virtue of reasonably short re1a::::ation time.
However. the operation of an ultra centrifuge at 50C r.p.s. presents obvious
technical problems for long time operation. :Both the BertI'. an:! centrifugal
l!Iethods involve exposing !!loving parts to UFS and the use of packing materials
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to prev~t the inward <::lotion of air or outward Dotion of 'llF6• In view of
t~e ~eat checical activity of UF6 it would se~ debate3ble whether these
devices could giv~ dependable oper~.t1on for month after month. The third
method is the mass speetrograph. !rhe virtue of this device lies in the
large separatione which can be obtained in one operation. Theoretically,
9~ u235 l:light be produced in one operation. Actually. however. this "lould
involve a prohibitively precise and narrow adjustl:lent of a slit system and
would result in negligible yields of l!lA.terial. In practice. 11 ten fold in
crease in the purity of U235 can be !!lade at one step. The !!lass spectrogr~_ph

hRs the further ".irtue th:>.t relaxation time is enreI:lely amall since the pro-.'
cess occurs almoet instantly. Units ot the mass spectrograph may be opera
ted independently and hence failure of one unit does not react upon the oper
ation of the others. The weakness of mass spectrograph lies in the small
yields cf material which c".u be obtained per day. It is probable that these
are in the neighoorhood of 10 to 100 mg of ten fold enriched uranium per day.
A further disadvantage lles in the fact that only a. SD?~l fraction of the
initi~~ly volp.tilize~ m~terial will reach the collecting pl~tes. This is
not serious as long ~G the initial material is .7% U235. Hcwever. i:f one
were to attempt to reprocess ?~ U235 the difficulty becomes tremendo~s.
ThUS, in order to obtain 70% U235 in two steps with the spectrograph pIle" .
• oula face the following dileona: \'}1 the "if, l:laterie1 intz-oduced into the
spectrograph probably of the order of l~ 'Would reach collecting surfC'.ces.
The reIJaining extremely coetly Iilateri!1l would be scattered allover the
2.i'pe.ratus. It would be necess:ary to tear doW!l the equipment and clean all
suriac~s carefully to recover this pr~ci01ls Uranium which would then have
to be reconverted chemically into a form suitRble for io~izing. This pro
cess would he.ve to be repeC'.ted many tines before all the 7tf, material could
be processed.•

49. Despite the fact that Hertz diffusion and the centrifUgal
~ethod possess the capacity for large quantity separation. these methods
J:lUst be made extremely dependable in order to compete with the spectrograph.
Indeed, the dependability must be at least of the order of that of a commer
cial electrical motor. if not greater. While it is difficult to estimate
the cost of the number of units necessary to produce 1 kg of gr::Jf, U235 per
day using the spectrograph it seems likely that the cost of such an arrange
l:lent would be well in excess of $fiO.OOO.OOO. This is also true of the Hertz
d1:ffuaicn and the centrifugel methods. At this date. our estimates place
the number of 384 foot units (two 192 columns in series) at $5250 in order
to obtain 1 kg 9~ U235. In order to r each the ~ value 17 !!lUst be con
nected in series. ~he output of the individURl units wo"J.1d be 250 grams
of UF6 per day. A PY1"8I:lid started with one unit in the top would spread to
250 'Ullits at the bottom. Tb:u.s, it would be possible i:l attaining 1 kg 90%
U235 to operate 6 separate pyramids possessing 875 units each. These
pyrMid.s wauld be cOI!lplete1y independent of each other and individual f2il
ure in one woUld !lot affect the o"Oere.tion of the remaining. It is estimated
that these units cO'.lld be built 0;' a large scale for $5000 each, making a
totC'~ of $26,000.000. At present. the relaxation time for a pyramid looks
to be about 300 cla7s. but our experiments h?ve shown that this tble CeD.

probably be reduced.
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SEC~

NmHODS OF ABRIVING A!l' A PRODiJCTION RATE OF 1 KG 90s U?35 FEB. DAY

50. To da~e. all the I:letbods of isotope separa.tion 'll'e actually
in the laboratory state of developl!lent. W&"e war time conditions not p!'e
vailing it is extremely doubtful if any responsible sc~entist or engi~a~r

would recollD!lend the jump to I!laD.ufacturing scale production. Very slight
errors in the desiGn of a unit an~ slight imperfections in 1ts oper~tion

could lead to difficulties of an extreme nature when an attempt was !!lade
to opera.te thousands si[!]UJ.taneou,:;ly. Indeed, it is not difficult to vis
ualize a state of affairs in which opp.ration of '3D. apP~::l.tus might require
more trained. scientific and engineering personnel than is to be found in
these United States. The queetion arises as to whether the goal of 1 kg
90% U235 is not an excessively high one and whether an approach to that
goal :ahould not be l!IRde more gradua11y. It seems hardly pos'3ible that any
method could be made to begin operation on the 1 kg per day basis sooner
than 4: Donths nnd this would only be possible through the use of a super
priority on D~terial$ and, indeed. I:lost of the methods would re~ire from
8 months to a year before they woulli be re?dy to start operations. Upon
the passage of the Il?-cesst:'.ry relaxation tiJ!le lIlP.terial c9uld be withdrawn
at 1 kg per day provi:~.ed none of the usual lIbugs" had been uncovered. In
approxi:uately ?. week enough IMterial would be accumu.lated to obtain the
desired reaction. Su.ppose. ox:. the other hand, that the ~"al were set at
.1 of a kg 90% U235 per dAy. In the case of the centrit'tLge, mass spectro
graph. and liquid therJ!la1 diffusion. the number of units tho'1t are required
would be approxi~te1y .1 that of the larger scale plane and the construc
tion would involve the use of approxiI:lately .1 as much strategic materials
and manpower. Since a fewer number of units would be required, CC!lstruction
time would be lessened and the difficulties of obtaining materials decreased..
In setting up a plant the troubles found in obtaining depen~ble operation
would be cut. resulting in the saving of months of time. If a 1 kg pel' day
pyramid could be pu.t in operation in as little as a yeer and 3 months then
a .1 kg plant could certainly be placed in production in a year. .A£ter the
passage of 70 days enough material would be aecw:ml~ted to produce the de
sired reaction. It would seem that under even the IOC' ~t f~.vora.ble condi
tions a 1 kg per day plant could not be made to produce the initial. desired
aJ!lount faster the.n a .1 kg per My pl~.nt•

.AN ALTERNATIVE TO THE 1 KG PER DAY FLA!T

51. Such 1s the extrapolation that is being made in ju:!lping
fxom laboratory conditions to the manufacturing conditions that the
question even arises whether haste might not be mc:.de li10re rapidJ.y by de
creasing the ~ediate objective still further.

52. Such a decrease in objective would be pr"tctical if a
collaboration could be arranged with the group working at Chicago. The
oretical physicists connected with this group have EBt1Jl1a.ted that if 250 
1000 kg of 1.4% U235 were assembled with suitable graphite a divergent
chain would result. Thi,.s would provide a source of energy whose dimensions
would be fairly consistent with Mval needs. It is not thought t~.t a really
violent explosiot'. would result from the chain. A product of the divergent
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chain is nep101:tt.iuo (eleIi1ent 94) of mass 239. Measurements hc....ve demoDstrated
f;hat a su:f'fic~.ent ecCUD!'.aa~ion of thill material (5-10 kg) could be used. as
a s'lib~titu.te for ~3S5. St>ptunium has properties which permit of its easT
chemical saparation frol!1 other elE!l!1entB including Ur2.!l.ium.

53.. The ~al of 500 kg uf 1.4~ U235 is one which is capable of
re1a.Uvely ea.sy attaiIlDlent. On ~he basis of the use of 192 foot llunits ll
having an output of 2...~ grams Ul'S per clay ,::,ith a sep2.Z'ation of S =1.50 b~
tween inp11t and outPllt. 'Ul. est~te can be made of the nUI!lber required. A
number of independent pY:-2.Jllids would be used having 'the following character
istics:

Stage

N=O
1

Input 1.18 kg
Output .25 kg
Reject .93 kg

.71% U235
1.6~ U235
.4~ U235

Units in Parallel

4
I

~ U235 of Feed

54. A plant consisting of sixty independent pyramids (300 units)
would produce 500 kg l.6~ U235 in 82 days of running. Of this time 32
days would be reql.lired to allow the plant to attain its initial h.!:lH' equi
libri1.ml time state.

55. AD 2lternative arrangement wou.ld consist in ~erating all
300 units independently. The outpo.t would be 50 kg of 1.O~ U235 and 75
kg I day of ..47% U235. Since only 16 days would be required for the
atta.inIJent of hell equilibrium. in 82 days after the start of operations
a total of 3.300 kg of 1.07~ U235 would be produced.

56. An important factor to consider is the purity of the ~rodnct

obtained from our separation method. The diffusion apparatus introduces no
iJllJlurities. After separation has been performed it is feasible to attain
a high degree of purity by use of a fractionating column. Material treated
in this way could be cODverted to very pure Uranium and much of the costly
purification currently reqa.ired for Chicago materials would be eliminated.

57. ~e est1m!:lte of the amount of material needed by the Chicago
group to produce a chain reaction is necessarily very crude. Information
concerning the 1IIP-l17 e:z:perimen~8 performed by these worke..-o !n the last eix
months bas been denied to us. It is vitally nEleassgry that there be an ex
change of technical information if proper pl:m.s are to be made for future
plants and progress of the work is not to be und11ly impeded.

CONCLUSIONS

58. Liquid tAf"rmal diffusion has been shown to be a practical
means of separating U:-anium isotopes. The virtues of the method lie in
ease of maintaining a pure prodnct combined with a fairly large separp.tion
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per column and moderate output. 'lhe principal wealc:less is high conSUJllPtion
of energy in the form of steaJil. Experiments eI:lploying a unit eonsisting of
two 98 foo't columns ,-ielded samples possessing an isotope separaticn of
45.~ (5 =1.455). The unit 1s capable of producing 1 kg each of two frac
tions differing in isotope sepD.1'ation by 2df,.

59. Potentialities for improvement of the apparatus h..-:'.ve not
been exhansted. 'lhe eha%lging of experimentAl. variables may yet lead to a
substantial 1L1prov~t in performance. Variables to be iI!.vestigated .in
elude: spacing and.-centering of hot wall with respect to cold WRJ.l; cold
wall temperature and \lot vall temperature.

60. On the bRais of 384 foot units (consisting of two 192 foot
colunms in series). an estimate M.S been made of the number of units re
·qu.ired for 1 kg of 9~ U235 per day. Such a plant would requiro: 5250 Ullits
costing about $26,000.000.

61. Thi:i 1 kg :!.Jer ~ plant compares favorably in cost and
pl"o1>a"ble ope~ating depend2b111ty liith other propl)8ed scheI:les.

62. The question is raised whether a 1 kg per day plant is e ·d~

sirE-Dle immediate objective. The alternative of producing either 1.6~
U235 or 1.01% U235 to be used in !!ll experiJaent similar to that in progress
at Chicago has been considered. and found attractive. For this purpose a
plant of 300 units would be BUfficient.

63. It is recommended th2t the current obstruction to transfer
of i11:formation between thh LaboJ'atory and Chicago should be removed•

•
~4. It is recollllDended that investigations be contiIIUed at this

~boratory ~lo~ both tbe pilot plant aI!.d the 36 foot exper~enta1

unit. It is felt that three aonths of further investigations is needed
before an attempt should be "1i1..'l.de to desi&ll a larger .plant.

(a) Some Physical and Chemical Properties of UFS-

65. Once the decision had been Jll?de that 'OF6 was probably the
onl,. Uranium compound which can De used in the liquid thermal diffusion
it became clelU' that R greater knowledge of this compound was needed. In
the first place. at tl:ie beginning of this resenrch perhP-ps no more than
100 grams of the su.bstance had ever been produced ~ere before. There
had previously existed no reason for a detailed. investigation of the com
pound. The first problem th?.t had to be met was the production of the
compound in large amounts. A solution was discovered whieh today is used
commercially for the production of UFS • lIriefly. this COI!.s1sts in the
preparation of UF4 by en ordinary wet chemical method.. ~h1s compound is
then completely dried and converted to 1J:r6 by fluorination at 350°C. A
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second "(oro'bl~ ~<l the qu.estion of scl~:'·iile container!! for the ;:ater1;!'~o

It wa~ .. , dckl7 l<l~lI.ed that lJl'6 1e e:J:~remely :oeactive chemically_ :a is de
compo3e~ almcct in8~antly by water. It reacts ~ith ~ost all crgaDic
materiels. In this resp~t it is closely akin to fluo:-iae. FC:'tUD?tcl.y.
because of ~ protective coating :::ecbanism the :;uc3ta:lCe Call 1le exposed. to
certain me.terials for long periods o:f ti:r.~ ~itho11t a!lprec1able decomposi
tion. A:l invest1gp.tion was made US1nl~ a do::..n di:f'fer~t ll:.ct~s ~o detem.ine
which vas superior. It wae date.-min~ t!l?t best pe..-iormance was o'bt~ine-:!.

if the meterial to be testee. was first he~ted and ez:pc~ed fOJ: 8. period of
tiJ:le to the action of fluorine gas. trnder these cireumstances it ~s found
that do a tempera~e as !:Ugh ~s 3500 0 nickel undergoes pr~.ctically no
corrosion by tll'60 It was further found that traces of moisture seemed t~

decoI:Ipose the protective fluoride coating in the Case of some S1iOstance.
rr UPs is completely freed from moisture eilver. solder is very little
corroded. C'.~ 150°C. However. in the presence of traces of ccisture. the
solder acts like a c.i!Zerant subs1oa=.ce And. is readily corr~ded.

66. Segrch of the l1~erl"~e rev,,*,.1.ed. tb.Rt. Eo cr.::.d.e melting p~int

detexmination ilad been m~d.e on UFS e!ld. that vapol" press-..re :ll&a~e!:i&lts ha::"
been carried on only t~ presSt'.res of t",o atmospi:lerefl. It see=ed. n~cessPZ';

to redetexmiue tl:.e melting pomt (MOC) and to carry tlle vaP!)~ pre'.osu:re
measurements up to milch higher pressures.

67.
table:

The re~ts of these J:Ieas'UreDents are given in the following

Vapor Press~e of W s

~E!!Iperature

ssOc
65°C
sooe

1000 e
11800
l370C
162°C
200°0
230°C

The l!Ieasurements lmve a probable error of sf,.

PreSS!1te

15 lbs!i:a~
23 Ib~f1:rJ.c;

'SI 1bsjin2
6-3 l'bej in2

S71bsjin2

133 l-tJs!1r.~
220 -.•:osi i.t\G
~ ,,,..;<.,2
?20 i;;ii;2

The critical. point is another physical eO:i.stant ~ose val.us is of interest
in connection with ~s problem. A determin.'l.ticn has beer. :Jade and re
sults in a value 23200. Another set of data which is of' bportence in
arriving at some '~ud.erstanding o£ the processes ~! liClUid therm...l di:f'fu
sion and in d~ling with UF6 in the liquid state are !D.easure::!~ts of'
density of the snbstancea as a function of temperat1U"e. A tl!lble follows
&iving this rela.tion:
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Temperature

?,oC
156°C
203°C
215°0
225°C
230°C

Dendty of Ul'6

3.63
3.11
2.62
2.32
2.09
1.63

Some ~eriments have been run at tecperetures of 275°C and densit1e& of
2.1 f!}1J.s{c:m.3 in which the UF6 was in the gaseous state.

68. In passing it should be noted th?t. while a precise ce!3.SIU"e-
cent of the ehallge of density- on roeltine h!l.s not been IC2.de. tlm.'c this
chRnge amounts to ro~y~. UraniUl!l hexafluoride becomes more dense
ou :freezing. A further constant that is of interest is vis;osity of the
liquid compound. This has been measured somewhat cr.1del:r end 2. result of
1.6 centipoises bas been obtained for the 1iq:n.id at lOOC}C.

69. An experiment was conducted to test electrice.l concluctivi ';;i

of 1lF6 , The meterial does not readily conduct either A.C. or D.C. and bas
a high. electricC'~ resistance (grei".ter than 109 ob!::l ems.)
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VIEW SHOWING UPPER PORTION OF PILOT PLANT

PLATE



View Shoving UPPer Portion o~ Pilot l~

~e lower ten feet is screened by a vall. Eight collDllIls
are in place on the front e.ide of the 8t~etur-csl steal. The
three pairs or lagged lines on the rigbt side oi the picture
ca.-ry' 1/16B I.D. tubing which serves to COllnect columns in
series. The 4 ft I.P.S. pipe behind the structural steel serves
as the return portion of the circulating water loop•
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VIEW SHOWING UPPER PORTION OF PILo~r PLANT

PLATE 2



VIEW SHOWING BASE OF PILOT PLANT

PLATE 3



smm

View Shoving Base of Pilot Plant

1. Scientist Removing Sample of UFs
2. Circo.lating Water :Returns
3. Circulating water input
4. Base of column
5. Steam line showing Joint at base of column
6. Steam shut-off Valve
'7. Steam Condensate Manif'old
8. 'Water inpllt Manifold
9. Centrifugal water C'lU'cu1ating pumps

10. Joints allowing for thermal expansion
11. Storage Chamber for UF6
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PLATE 4
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VIEW AT TOP OF COLUMN

PLATE 5



View at Top of ColU!!!!l

1. Sylphon 'bello<ds assembly which permits motion of hot
nickel tubiDf; relative to cold copper tubing.

2. Outlet tube for samples
3.. Small Sample Container
4. Portion of connective loop connecting top of column at

left to bottom of next column.
5. Pipe housing hot aide of connective loop. This pipe

carries two 1/16- I.D. tubes.
6. Pipe housing cold side of connective loop. This carries

two 1/16" I.D. tUbel.
7. LiIlk Connecting column to hot side of loop.
8. Link Connecting column to cold side of loop. Electricall,.

heated.
9. Top of circulating vater return line

10. Steam inP11t line.
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